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Summary
The pairing of homologous chromosomes and the intimate
synapsis of the paired homologs by the synaptonemal
complex (SC) are essential for subsequent meiotic processes
including recombination and chromosome segregation. Here
we show that the centromere clustering plays an important
role in initiating homolog synapsis during meiosis in
Drosophila females. Although centromeres are not clustered
prior to the onset of meiosis, all four pairs of centromeres
are actively clustered into one or two masses during early
meiotic prophase. Within the 16-cell cyst, centromeric clus-
tering appears to define the first step in the initiation of
synapsis. Clustering is restricted to the nuclei that form the
SC and is dependent on all known SC proteins. Surprisingly,
both centromeric clusters and the SC components associated
with them persist long after the disassembly of the euchro-
maticSCat theendofpachytene.The initiationofhomologous
recombination through the formation of programmed double-
strandbreaks (DSBs) isnot required for either the formationor
themaintenanceof the centromeric clusters.Ourdatasupport
a view inwhich theSC-mediatedclusteringat the centromeres
is the initiating event for meiotic synapsis.
Results and Discussion
Synaptonemal Complex Proteins Localize to Centromere
Aggregates in Zygotene
We set out to determine the relationship between the centro-
meres and the synaptonemal complex (SC) formation during
early prophase (Figure 1A). The SC is composed of two lateral
elements (LEs) that flank a central region (CR). The CR consists
of two components, transverse filament (TF) proteins that
connect the two LEs and central element (CE) proteins [1–3].
The TF and CE proteins identified in Drosophila are C(3)G
and Cona, respectively [4–6]. Two cohesin subunits structural
maintenance of chromosomes (SMC)1/3 and a non-SMC
related protein, Ord, localize to the LEs and are required to
maintain sister chromatid cohesion [7, 8]. By region 2a, both
of the SMCs and Ord are enriched at the centromeres in all
16 cells of the cyst [8]. C(2)M, an a-kleisin protein, localizes
adjacent to the LEs and is required to form the LEs [9].*Correspondence: rsh@stowers.orgTo visualize centromeric regions and the SC in wild-type
germaria by immunostaining, we used antibodies against
centromere identifier (CID), the centromere-specific H3-like
protein and centromere protein A homolog [10], and C(3)G. A
Drosophila diploid cell contains eight chromosomes repre-
senting four pairs of homologs (X, 2, 3, and 4). Previous studies
analyzing pairing by fluorescence in situ hybridization (FISH) in
wild-type cells demonstrated that homologous chromosomes
are fully aligned in all germline nuclei within the 16-cell cyst
[11–13]. Therefore, assuming that each pair of homologs is
properly aligned, a nucleus would be expected to display
four CID foci. However, Bickel and her collaborators frequently
observed a much smaller number of CID foci in the pachytene
nuclei [8, 14].
To characterize centromere clustering, we analyzed the
earliest stage of synapsis in Drosophila females. Following
coimmunostaining for DNA, C(3)G, and the fusome, C(3)G
staining revealed only punctate foci in four cells within the
16-cell cyst in early region 2a (Figures 1B and 1C; see also Fig-
ure S1 available online). We defined those nuclei as being in
zygotene because they do not yet contain thread-like SC.
We further classified nuclei as being in early zygotene if their
nuclei contained five or fewer punctate C(3)G foci and as being
in mid-zygotene if their nuclei contained six or more punctate
C(3)G foci. The average number of CID foci in early to mid-
zygotene nuclei was 2.2, with 65% of the nuclei showing only
one or two CID clusters (Figures 1C–1E; see also Figure 2B).
Thus, the clustering or aggregation of centromeres occurs at
or before the extension of synapsis along the length of the
chromosome arms.
To our surprise, almost all of the CID foci colocalized with
the punctate C(3)G foci at this early stage of synapsis (Figures
1C–1E). The analysis of 167 CID clusters from 77 nuclei that
contained at least one clear C(3)G focus revealed that 95%
of CID clusters colocalized with C(3)G during zygotene (see
Supplemental Experimental Procedures). Thus, the clustering
of centromeres appears to be tightly associated with the pres-
ence of C(3)G. We also analyzed the colocalization of CID with
a CE protein Cona and the cohesin subunit SMC1. In zygotene,
95% of the CID-centromeric clusters colocalized with Cona
(79/83 CID clusters, n = 40 nuclei) (Figure 1D), and 99% colo-
calized with SMC1 (83/84 CID clusters, n = 37 nuclei) (Fig-
ure 1E). The latter observation is consistent with a previous
finding that centromeric enrichment of SMC1/3 is visible in
all 16 cells of the cyst [8]. Thus the localization of SC proteins
to the centromeric clusters is not a unique property of C(3)G
but involves other components of the SC as well.
Although the initiation of synapsis occurs at the centromere
clusters, mid-late zygotene nuclei also possessed dots or
short fragments of the SC at other (presumably euchromatic)
sites in the genome (Figure S1). We propose that full synapsis
is accomplished by polymerization of the SC both outward
from the centromeres and from these chromosomal sites of
SC nucleation.
Centromeres Are Not Clustered in Region 1
To determine when centromeric clustering occurs, we exam-
ined the 2, 4, and 8-cell cysts undergoing mitotic division in
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Figure 1. Synaptonemal Complex Components and
Cohesin Localize on Centromeres in Early Region 2a
(A) A schematic for developmental stages in early
prophase during Drosophila female meiosis. Synaptone-
mal complex (SC) is shown in orange. The development
of the Drosophila egg chamber is subdivided into 14
stages [29]. In the germarium, the fate of germline cells
is determined and the development of the oocyte is
heralded by several meiotic events. The germarium is
subdivided into four regions (regions 1, 2a, 2b, and 3).
In region 1, a germline stem cell divides into two cells
and the posterior daughter cell, called the cystoblast,
further divides four times, creating a 16-cell cyst by
region 2a. Homologous chromosomes in up to four cells
start to build the SC required for synapsis (zygotene),
while other cells in the cyst begin to differentiate into
nurse cells. The formation of SC threads along the
euchromatic arm is restricted to two pro-oocytes in
region 2b (pachytene). By region 3, a single pro-oocyte
in the most posterior region of the cyst is selected as
the oocyte, which can be determined by the staining of
Orb, a cytoplasmic marker for oocyte determination
[15]. At stage 2, the 16-cell clusters encapsulated by a
single layer of somatic follicle cells form an egg chamber.
The chromosomes in the oocyte nucleus begin to
condense during stage 3. At stage 4, the nucleus starts
to undergo SC disassembly [5] and chromosomes con-
dense into a compact structure referred to as the karyo-
some. The SC proteins are completely dissociated from
the chromatin by stage 7.
(B and B0) A wild-type germarium stained for centromere
identifier (CID), C(3)G, fusome, and DNA.
(C–C00 0) Punctate C(3)G foci colocalize with CID in early
zygotene. Images along Z series were projected for the
three nuclei circled in yellow from the boxed region in
B0. These cells are linked by a branched fusome (see
B0), demonstrating that they are from the same cyst.
There appeared to be another early zygotene nucleus
located in different Z plane in the same cyst.
(D–D00 00) C(3)G foci on centromeres colocalize with Cona
in a wild-type region 2a nucleus at zygotene.
(E–E00 00) C(3)G foci on centromeres colocalize with the co-
hesin subunit structural maintenance of chromosomes
(SMC)1 in a wild-type region 2a nucleus at zygotene.
Scale bars represent 10 mm in (B) and 3 mm in (C)–(E).
See also Figure S1.
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1846region 1. As shown in Figure 2A, there was no evidence of
centromere clustering in these premeiotic cells (Figure 2A).
The average number of CID foci was 5.0 both in 2- or 4-cell
cysts and in 8-cell cysts (Figure 2B), which is substantially
higher than the average of 2.2 CID foci observed in early-
mid-zygotene nuclei. Moreover, as shown in Figure 2B, the
majority of cells contain four or more CID foci (92% in 2- or
4-cell cysts and 83% in 8-cell cysts), demonstrating that
centromeres are not clustered in most premeiotic cells. Thus
the initiation of centromere clustering is coincident with the
initiation of meiosis in region 2a.
Centromeric Clustering Is Maintained throughout
Pachytene
As shown by others [8, 14] and illustrated in Figure 2, the
majority of C(3)G-positive nuclei contained one or two CID
clusters throughout pachytene (in regions 2a, 2b, and 3 and
at stages 2 and 3, Figures 2B and 2C). These results indicate
that in Drosophila oocytes, centromeric domains fromdifferent chromosomes remain clustered throughout zygotene
and pachytene. Surprisingly, centromeric clustering and the
presence of centromeric SC persist at least until stage 9 (see
below). Thus, both centromeric clustering and the presence
of centromere-associated SC proteins persist well beyond
the dissociation of the euchromatic SC at the end of
pachytene.
SC Formation Is Essential for Centromeric Clustering
The observation that the accumulation of C(3)G and Cona on
centromeric clusters precedes their localization along the
chromosome arms raises the possibility that centromeric
aggregation is formed ormaintained by localized SC formation
at the centromeres. To investigate this possibility, we analyzed
the number of CID clusters in nurse cells [which do not make
SC and thus have no C(3)G staining] in region 2a (see Fig-
ure 1A). The average number of CID foci in nurse cells was
3.3, with 78% of nurse cell nuclei showing three or more CID
clusters (Figures 2B and 2D). Centromeres are also not
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Figure 2. Centromeres Are Aggregated throughout Early Prophase
(A) Germline cells do not cluster centromeres in region 1. Wild-type germarium stained for CID, fusome, and DNA (top panel). Optical sections along Z series
were projected for the four nuclei in an 8-cell cyst from the boxed region in (A0). Scale bars represent 10 mm for the top panel and 3 mm for the bottom panels.
(B) Developmental changes in the number of CID foci in wild-type. The average number of CID clusters and standard deviation for each cell type or stage are
as follows: 2- or 4-cell cysts; 5.06 1.1, 8-cell cysts; 5.06 1.0, zygotene; 2.26 0.8, early pachytene; 2.36 1.0, region 2b; 2.06 0.7, region 3; 1.96 0.9, stages
2 and 3; 2.0 6 0.8, stages 5–7; 2.0 6 0.8, stages 8 and 9; 1.9 6 0.7, nurse cells; 3.3 6 0.8.
(C) Wild-type nuclei stained for centromeres and SCwith anti-CID and anti-C(3)G antibodies, respectively. CID foci are aggregated into one or two signals in
the majority of nuclei throughout early prophase and colocalize with the staining of C(3)G. Scale bars represent 3 mm.
(D) Centromeres aggregate specifically in meiotic cells. Centromeres are aggregated in one or two CID clusters in pachytene cells but are not clustered in
nurse cells in region 2a. Scale bar represents 3 mm.
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1847clustered in nurse cells in region 2b (3.6 CID foci on average,
data not shown). These results suggest that the formation
and maintenance of centromeric clusters is restricted to the
nuclei that form the SC. Based on our observations that only
3% of nurse cells in region 2a showed five CID foci (Figure 2B)
and the observations by ourselves and others that homolo-
gous euchromatin and heterochromatin are paired in both
pro-oocytes and nurse cells ([13] and data not shown), we
conclude that homolog pairing is established in all premeiotic
cells but the formation of centromere clusters requires a
meiosis-specific process.
We next determined whether centromeres are clustered in
mutant nuclei that fail to form SC. Because it is difficult to
determine which nuclei in the 16-cell cyst are pro-oocytes in
region 2 as a result of the absence of synapsis in the mutants,
we focused our observations on region 3, in which pachytene
oocytes can be unambiguously identified by using an anti-Orbantibody [15]. In c(3)G mutants, the number of CID foci at
pachytene was increased dramatically compared to wild-
type, from an average of 1.9 CID clusters per oocyte in wild-
type to 4.1 CID clusters, and 28% of the oocytes had five or
more CID clusters (Figure 3A; Table S1). Thus, the clustering
of the centromeres requires at least C(3)G.
We further analyzed oocytes homozygous for mutations in
the genes that encode other SC components. We first exam-
ined mutants that lack the CE protein Cona. Cona is required
for zippering of TFs into mature SC [6]. As shown in Figure 3A
and quantified in Table S1, conamutants also failed to cluster
their centromeres in region 3. Indeed, the frequency of oocytes
with three or more CID foci was similar to that observed in c(3)
G oocytes (Table S1). In conamutant oocytes, C(3)G staining is
diffuse and fails to become a continuous thread-like pattern
along the entire chromosome cores ([6, 16] and data not
shown). Moreover, in cona mutant oocytes, C(3)G did not
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Figure 3. Centromere Aggregation Requires the Formation of the SC
Immunostaining for CID in wild-type andmutants that fail to form the SC (c(3)G, cona, and c(2)M), sister chromatid cohesion (ord), and double-strand breaks
(mei-W68) in region 3 (A) and at stages 5–7 (B). Oocytes were marked with either C(3)G or Orb staining depending on the genotype and stage. Scale bars
represent 3 mm. See also Table S1 and Figure S2.
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1848accumulate on centromeres (as it does wild-type oocytes) at
any stage of prophase (data not shown). However, centro-
meric SMC1 localization was evident (data not shown), consis-
tent with previously published results from chromosome
spread experiments [6]. These results indicate that, in addition
to their role in forming the euchromatic SC, both TF and CE
proteins are essential for the earliest steps of forming centro-
meric aggregates.
We also examined oocytes homozygous for a c(2)M null
mutation. As observed for both c(3)G and cona oocytes,
centromeric aggregation in region 3 was reduced in c(2)M
oocytes compared to wild-type (Figure 3A; Table S1). The
examination of early zygotene nuclei revealed a small number
of C(3)G foci in early region 2a in both in c(2)M and wild-type
nuclei. These foci colocalized with the CID signals (Figures
S2A–S2C, see the left nucleus in Figure S2B). SMC1 and
Cona also colocalized with CID aggregates in early zygotene
nuclei (Figures S2B and S2C; data not shown). As shown previ-
ously [8], noncentromeric C(3)G segments were observed in
c(2)M region 2a nuclei (mid-zygotene) (see themiddle and right
nuclei in Figure S2B). These results suggest that the first step
of SC assembly in the vicinity of the individual centromeres
occurs in c(2)M mutants in a fashion similar to that observed
in wild-type. Thus, the simple presence of C(3)G and Cona in
the vicinity of the centromere is not sufficient to promote clus-
tering. Rather, the presence of C(2)M and the assembly of
those proteins in a mature SC is required for centromeric
clustering.Centromere Clustering Is Severely Disrupted
in ord Mutants
Wealso examined centromeric clustering in the absence of the
cohesion protein Ord. ordmutants are capable of localizing SC
components to chromosome cores, but the localization is
unstable, which results in premature disassembly of the SC
in region 3 ([14]; Figure 3A). Additionally, the ultrastructure of
theSC inordmutants is severely disrupted, as seenby electron
microscopy [14], and bright centromeric foci of SMCs are
absent throughout the germaria [8]. An analysis of centromeric
clustering in ord region 3 oocytes showed that the average
number of CID foci was 6.3, and 97% of the oocytes contained
five or more CID foci (Figure 3A; Table S1), indicating that ord
mutants fail to cluster and pair homologous centromeres. In
agreement with Khetani and Bickel [8], we did not see strong
colocalization of CIDwith SMC1, C(3)G, or Cona in ord oocytes
(Figure 3A; data not shown). The defect in clustering centro-
meres was also seen in region 2a, where SMC1, C(3)G, and
Cona were present along the euchromatic SC (5.6 CID clusters
onaverage, Table S1). Thus thedefects observed inordmutant
nuclei most likely result from a failure to load SMC1 and thus to
accumulate SC components on centromeres, rather than
premature SC disassembly at chromosome cores.
DSB Formation Is Dispensable for Centromeric
Aggregation
In yeast, the induction of DSBs mediated by Spo11 is required
for the formation of mature SC and pairwise associations of
SC-Dependent Centromeric Clustering in Drosophila
1849homologous centromeres [17]. In contrast, synapsis occurs
independently of DSB formation in Drosophila and Caeno-
rhabditis elegans [18, 19]. To determine whether centromeric
clustering requires DSBs, we tested an allele of the Drosophila
homolog of Spo11,mei-W68, that ablates DSB formation. The
SC detected by C(3)G staining is formed normally in mei-W68
oocytes as previously described [20], and centromeres are
clustered similarly to wild-type (Figure 3A; Table S1). This
observation indicates that DSBs are not required for centro-
meric clustering in Drosophila.
The Association of SC Components with Centromeric
Clusters Persists after the SC Is Disassembled along
the Chromosome Arms
At stages 5–7, the staining of the SC proteins becomes frag-
mented and euchromatic regions of homologous chromo-
some arms are separated [5, 21]. Nonetheless, as shown
above, the centromeres remained aggregated well after
stages 5–7, and the bright staining of C(3)G, Cona, and
SMC1 proteins persisted at centromeres (Figures 2B and 2C;
data not shown). The centromeric aggregation and association
of SC proteins with the clusters were sustained even at stages
8 and 9 where SC staining becomes dispersed throughout the
nucleus (Figures 2B and 2C; data not shown).
To determinewhether themaintenanceof clustering after the
disassembly of the SC along the chromosome arms requires
the continued presence of SC proteins, we examined stage
5–7 oocytes in SC and DSB-defective mutants. The range and
average number of CID clusters were similar between c(3)G
and cona oocytes, averaging 3.9 and 4.2 CID clusters respec-
tively, and did not differ from those obtained for these mutants
in region 3 (Figure 3B; Table S1). Although the extent of the
reduction in clustering in region 3 in c(2)M oocytes is similar
to that observed for cona and c(3)G mutants, the reduction in
clustering observed in stages 5–7 was significantly less than
that was observed in either c(3)G (p = 2.8E-05, determined by
two-sidedStudent’s t test) orcona (p=4.1E-07)mutantoocytes
(Table S1). Most importantly, although stages 5–7 nuclei with
five or more CID foci were common in c(3)G and cona oocytes,
they were not observed in c(2)M oocytes at this stage. Further-
more, we observed colocalization of C(3)G with CID and SMC1
in c(2)M oocytes at stages 5–7, as was also seen in region 3 of
c(2)Mmutant oocytes (Figure 3B; FigureS2D). This observation
suggests that in c(2)M mutant oocytes, the persistence of
centromeric SC proteins might be sufficient to hold homolo-
gous centromere pairs together, but not enough to maintain
wild-type levels of the centromeric clusters.
CID foci were further increased in number in stage 5–7 ord
oocytes compared to region 3 resulting in an average of 8.2 CID
foci with 42% of the oocytes showing nine or more CID foci (Fig-
ure 3B; Table S1). We presume that this is due to sister centro-
meres undergoing separation between region 3 and stages 5–7.
Asweobserved in region3,C(3)G,Cona, andSMC1didnotaccu-
mulate to centromeres in ord oocytes at these stages either (Fig-
ure 3B; data not shown), suggesting that the absence of centro-
meric SC complexes persists throughout prophase I in ord
oocytes. Taken together, our data demonstrate that both forma-
tionof the fullSCand itspersistenceoncentromeresareessential
for maintenance of centromere clusters after SC disassembly.
Finally, mei-W68 oocytes were analyzed at this late stage
of pachytene. As in region 3, there was no difference in CID
numbers between wild-type and mei-W68 oocytes at stages
5–7, demonstrating again that DSBs are not required for the
maintenance of centromeric clustering (Figure 3B; Table S1).Conclusions
In many eukaryotes, chromosomes are dynamically organized
into specifically polarized and aligned structures to ensure
proper segregation and produce viable haploids during
meiosis. The chromosome bouquet is one such meiotic struc-
ture in which telomeres are clustered into a limited region of
the nuclear envelope during transition from leptotene to zygo-
tene [22]. In many organisms, the organization of centromeres
is also regulated during the time the SC starts to assemble
from zygotene to pachytene. For example, in yeast and plants,
the centromeres are associated in a nonhomologous fashion
in early zygotene, but as meiosis proceeds, their association
becomes homologous [23, 24]. Indeed, in budding yeast SC
formation and homolog associations preferentially occur first
at centromeric regions, which can be detected by early local-
ization of the central element Zip1 to centromeres, and
synapsis proceeds in only one direction from most centro-
meres [25]. Zip1 persists at centromeres even after SC disas-
sembly and remains associated until centromeres are
attached to microtubules [26].
Our analyses reveal that in Drosophila, centromeres are
clustered into one or two masses in the nuclei that form the
SC throughout early prophase. We provide a model in which
synapsis initiates from centromere clusters, such that the
nonhomologous clustering of centromere pairs plays an
important role in maintaining the proper chromosome organi-
zation of the oocyte nucleus (Figure 4). Our data suggest that
at early zygotene, synapsis likely initiates from centromeres,
supplemented by the initiation of synapsis at multiple sites
along the euchromatic arms, presumably in order to efficiently
build up themature SC along the entire chromosome. Because
of these secondary sites of euchromatic synapsis, the comple-
tion of synapsis at euchromatic regions during mid-late zygo-
tenemay not be absolutely dependent on the earliest synapsis
at centromeres. Such a hypothesis is consistent with the
observation that even though ord mutants fail to synapse at
centromeres, the formation of the euchromatic SC appears
relatively normal.
Why do centromeres cluster in Drosophila? Because
Drosophila telomeres are noncanonical and constituted by ret-
rotransposons, HeT-A and TART [27, 28], it is possible that
centromeric clusters serve as a structure that is functionally
equivalent to the telomeric bouquet in other organisms. An
early study by serial section electron microscopy demon-
strated that telomeres do not cluster at or even associate
with the nuclear envelope in pachytene [27]. Our analysis by
immunostaining for telomeres confirmed that in both zygotene
and pachytene nuclei, telomeres do not show clustering (Fig-
ure S3), although most telomeric regions appear to localize
adjacent to the nuclear envelope by region 3 (Movie S1).
Revealing the biological significance of formation of centro-
meric clusters will have to await the discovery of functionally
separated mutants of the SC components or new mutants
that are defective only in centromeric pairing and/or clustering.
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To simplify the model, we show only two sets of homologous chromosomes, and SMCs and Ord between sister chromatid arms are not shown. In wild-type
(and mei-W68) premeiotic cells, homologous chromosomes are aligned along the entire region, and SMCs and Ord already accumulate on centromeres
at this stage [8]. At the earliest stage of zygotene, C(3)G and Cona are loaded on centromeres and cluster centromere pairs of different homologs together.
As zygotene progresses, the SC is formed at multiple euchromatic sites and extends to the entire chromosomes by pachytene. During SC disassembly,
euchromatic SCs are dissolved and homologous chromosomes are separated along the entire arm except where linked by chiasmata, whereas centromeric
SC complexes persist even after the euchromatic SC disassembly is complete at diplotene. Immunostaining and FISH analyses suggest that in premeiotic
and nurse cells in the germarium, all homologs remain paired at both centromeres (our data) and chromosome arms [13].
In c(3)G and cona oocytes, the centromeres do not cluster in early zygotene. This clustering defectmay be associatedwith a failure of centromere pairs to be
maintained, as suggested by the observation of five or more CID clusters in 18%–33% of c(3)G and cona oocytes in region 3 and at stages 5–7. The local-
ization of SMCs andOrdwas observed at both centromeres and chromosome arms in c(3)G and conamutants ([6, 8]; our data), but the absence of C(3)G and
Cona results in the ablation of euchromatic pairing [6]. In c(2)M mutants, on the other hand, the early steps of synapsis at centromeres and multiple sites
of euchromatin occur normally. Polymerization of the SC along the arm appears to be blocked. The localization of the SC proteins including SMCs, and
transverse filament (TF) and central element (CE) proteins persist at least until diplotene stage, while they are dissociated from the euchromatic arms. In
ord mutants, centromeric SMCs are absent in all premeiotic cells of the cyst [8], which likely prevents C(3)G and Cona from localizing to centromeres.
This defect results in separation or individualization of centromere pairs from homologs and sisters. However, euchromatic and heterochromatic pairing
appears normal, and SC components can localize to arms (although the ultrastructure of the SC is disrupted) [8], suggesting that the chromosome alignment
along the arm is maintained during early pachytene (before the stage at which the SC is prematurely disassembled). See also Figure S3 and Movie S1.
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